In the biogeography of microorganisms, the habitat size of an attached-living bacterium has never been investigated. We approached this theme with a multilocus sequence analysis (MLSA) study of new strains of Rhodopirellula sp., an attached-living planctomycete. The development of an MLSA for Rhodopirellula baltica enabled the characterization of the genetic diversity at the species level, beyond the resolution of the 16S rRNA gene. The alleles of the nine housekeeping genes acsA, guaA, trpE, purH, glpF, fumC, icd, glyA, and mdh indicated the presence of 13 genetically defined operational taxonomic units (OTUs) in our culture collection. The MLSA-based OTUs coincided with the taxonomic units defined by DNA-DNA hybridization experiments. BOX-PCR supported the MLSA-based differentiation of two closely related OTUs. This study established a taxon-area relationship of cultivable Rhodopirellula species. In European seas, three closely related species covered the Baltic Sea and the eastern North Sea, the North Atlantic region, and the southern North Sea to the Mediterranean. The last had regional genotypes, as revealed by BOX-PCR. This suggests a limited habitat size of attached-living Rhodopirellula species.
The biogeography of microorganisms describes the habitat size of the species and the distribution of microorganisms on Earth. The experimental approaches depend on the focus of the studies. Habitats are often analyzed by environmental microbiologists with genetic-fingerprinting techniques, with up to 200 bands or fragments representing the whole community. Although the taxonomic resolution of these operational taxonomic units (OTUs) is limited, the studies revealed a community biogeography (22) . Medical microbiologists analyze the alleles of housekeeping genes of microorganisms to gain insight into the epidemiology of pathogens, the population biogeography (2) . This strain-specific, fine-scale taxonomic resolution within a species is well suited to observance of recent dispersal events. At the species level, multilocus sequence typing (MLST) and analysis (MLSA), which were developed for intraspecies and intragenus specific studies, respectively, consist of the sequences of several (at least seven) housekeeping gene fragments concatenated to an approximately 5-kilobase alignment (17) . Recent MLSA studies revealed its applicability to marine isolates and the analysis of biogeographic patterns: Alteromonas macleodii isolates could be grouped in an epipelagic and an abyssal clade (6) , and strains of Pseudomonas aeruginosa were genetically well separated into groups of coastal and oceanic origin (8) . However, for Salinibacter ruber strains, biogeographical distinctness was not resolved in an MLSA study but showed allopatry in a metabolic analysis (31) . Several studies used MLSA together with DNA-DNA hybridization (DDH) for the delineation of new species, e.g., for Vibrio and Ensifer spp. (20, 36) .
In the biogeography of microorganisms, the experimental proof of a local genetic evolution was first revealed at sample sites that were physically separated by over 18,000 km (39) . Large populations and the small size of microbes have been considered as facilitators for dispersal over long distances, eventually establishing cosmopolitan microbial populations. On the other hand, the smallest spatial scale of a microbial species in an open system has not been investigated. Attachedliving bacteria disperse only during a distinct, short time span in their lives. This limitation of the dispersal time stimulated this study of the biogeography of Rhodopirellula baltica in European seas.
R. baltica is a planctomycete with typical morphological features. The peptidoglycanless bacteria have an intracellular compartmentation: the riboplasm with the nucleoid is separated by a membrane from the surrounding paryphoplasm. Cells attach with a holdfast substance to surfaces or, in culture, to themselves, forming typical rosettes. Proliferation occurs by budding, and offspring cells live free in the water column: they are motile with a flagellum until they settle on the sediment (4).
Seventy recently isolated strains affiliated according to the 16S rRNA gene analysis with R. baltica SH1
T as the closest validly described species (40) . The 16S rRNA gene sequences do not offer sufficient information at the species level. A dissimilarity of the 16S rRNA genes of more than 3%, recently reduced to 1.3% (34, 35) , indicates that the strains under consideration belong to two species. These thresholds yielded in our strain collection, according to an ARB-based calcula-tion, five or eight operational taxonomic units besides the species R. baltica (40) . For strains with highly identical sequences, whole-genome DDH experiments have to be performed to identify the affiliation to established species. Recently, multilocus sequence analyses have emerged as a possible alternative method. Our strain collection comprised many strains with a 16S rRNA gene sequence very closely related to that of R. baltica SH1
T . To gain insight into the genetic identity of the isolates on the species level and the habitat sizes of the species, we developed a multilocus sequence analysis and applied it to the strain collection. The MLSA results were calibrated with a DDH study. The closely related strains were additionally characterized by BOX-PCR, a fingerprinting method (15) . Transmission electron microscopy (EM) was performed on some isolates to support the identification as Planctomycetes and to visualize morphological differences between strains. T and its position outside of the inversion region between 0.0 and 0.4 Mb (5) were confirmed. Primers were designed in Lasergene 6.0 (DNAStar, Madison, WI) ( Table 1) , and the primer specificity was verified by BLAST searches against the nucleotide database and the genomes of R. baltica and Blastopirellula marina. The primers were tested with genomic DNA of the type strain, SH1 T , and strains SH190, SH198, and SH386. Amplifications were performed in a final volume of 50 l containing 1 to 2 l of template (approximately 50 to 200 ng DNA), 5 l of 10ϫ buffer (100 mM Tris [pH 9.0], 500 mM KCl, 1.0% Triton X-100, 20 mM MgCl 2 , 2 mM dithiothreitol [DTT]), 1 unit of Taq polymerase, 1 l of deoxynucleotide triphosphates (dNTPs) (10 mM), 10 pmol of each primer, and up to 40 l of H 2 O. The cycler program was as follows: 4 min at 94°C, followed by 35 cycles of 1 min at 94°C, 1 min at 60°C (ramp, 1°C/s), 3 min at 72°C, and a final elongation for 10 min at 72°C. The amplicons were visualized on a 1.5% agarose gel stained with ethidium bromide for quantification. Gradient PCRs determined the optimal annealing temperatures. The amplicons were purified by size exclusion chromatography and sequenced. The reaction mixtures were separated on Applied Biosystems 3130XL Genetic Analyzers. Sequences were manually examined with Applied Biosystems Sequencing Analysis 5.2 and assembled in Lasergene with the assistance of the corresponding gene sequence of the type strain, SH1 T . The sequences were imported to the ARB software packages (16) and aligned by ClustalW. Maximum likelihood, maximum parsimony, and neighbor joining were performed to calculate trees of single gene loci or concatenated sequences of two or nine housekeeping genes. Similarity matrices were calculated in ARB on the nucleotide level, since the resolution on the amino acid level was too low for such closely related organisms.
MATERIALS AND METHODS

Rhodopirellula
G؉C content determination. DNA was isolated using the classical method of Marmur (18) , modified by a final dialysis on a 0.025-m-pore-size membrane (Millipore) against 0.1ϫ SSC buffer (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate). The mol% GϩC of genomic DNA was determined by thermal denaturation in 0.1ϫ SSC buffer according to the method of Marmur and Doty (19) , using a DU-640 spectrophotometer (Beckman Coulter, Krefeld, Germany) equipped with a multicell changer with a thermostat and a temperature controller. Genomic DNA from Escherichia coli K-12 (GϩC content, 51 mol%) and Bacillus subtilis DNA (GϩC content, 43 mol%) were used as standards. DDH. DNA-DNA-hybridization was performed according to the protocol of Urdiain et al. (37) .
BOX-PCR. The BOX-PCR method described by Sikorski and colleagues (33) was performed. PCR products were visualized on a 1.5% agarose gel, stained with ethidium bromide, and documented by a UV light detection system. Amplicon pictures were analyzed in the Totallab TL120 v2006e packages (Nonlinear Dynamics Inc., Newcastle upon Tyne, United Kingdom) to obtain binary matrices and to calculate trees according to the unweighted pair group method using average linkages (UPGMA).
Electron microscopy. Cells were prepared for transmission electron microscopy as described in detail elsewhere (7, 28) . In brief, for visualizing whole cells, cells in suspension were chemically fixed by adding glutaraldehyde (final concentration, 2%), concentrated by brief centrifugation, applied to carbon-coated copper grids, and shadowed with 1 nm Pt/C (angle, 15°). For freeze-etching, unfixed, concentrated cells were quickly frozen in liquid nitrogen, fractured in a high-vacuum chamber (CFE 50; Cressington, Watford, England), etched for 4 min, and shadowed with 1 nm Pt/C (45°) and 10 nm C (90°). For ultrathin sections, a pellet of unfixed cells was immobilized by high-pressure freezing (Leica EM-Pact2), freeze-substituted in acetone-2% OsO 4 -5% H 2 O, and embedded in Epon. All electron micrographs were recorded digitally (a slow-scan charge-coupled-device [CCD] camera; TVIPS, Gauting, Germany) on a Philips CM12 transmission electron microscope operated at 120 kV.
Nucleotide sequence accession numbers. The gene sequences were deposited in GenBank under accession no. GU254991 to GU255465.
RESULTS
A collection of R. baltica strains from the Baltic Sea had been described as one DNA-DNA hybridization group, together with the type strain (32) . The range of GϩC values in the species was within the commonly reported values for a single species, 53 to 57 mol% GϩC (30) . For the strains SH1 T , SH155, and SH398, reported to have GϩC contents of 55 mol%, we determined 54.9, 56.6, and 53.7 mol%, respectively. These values were within the uncertainty of the method. The GϩC contents of 16 new isolates ranged between 53.9 and 56.5 mol% (Table 2; see Table S2 in the supplemental material), supporting the identification of the strains as members of the genus Rhodopirellula.
DDH has been generally used as the gold standard to circumscribe species on a genomic basis (29) . Two strains are assigned to one genospecies if the DDH reveals high DNA similarity that may range between 60 to 100%. There is no absolute boundary for species circumscription, which must finally be supported by complementary phenotypic and chemotaxonomic data. Practically, a threshold of 70%, together with phenotypic and chemotaxonomic similarities, is widely accepted as the species border (29) . In this work, we used the type strain, SH1
T , and strain SH126 to confirm the results of Schlesner and colleagues (32) and included 14 new isolates in the DDH experiments. Applying the protocol introduced by Urdiain and colleagues (37), we observed nearly 100% similarity of strain SH1
T with strain SH126. However, the DNA of the type strain reassociated at 38 to 63.8% with the rest of the isolates (Table 2) . Additional experiments with labeled DNA from the isolated strains 6C, CS11, and CS96 revealed four genetically defined OTUs: OTU A was represented by the type strain, SH1
T , and the strain SH126. OTU B comprised strains 2S, 6C, 1SC, 3SC, 4SC, CS7, CS8, CS11, CS70, CS115, and SM38. Strain CS96 formed a hybridization group with SM41 (OTU C). Finally, strain SM1 showed low reassociation values with any labeled DNA, and thus, SM1 represented OTU D. Reciprocal values were generally comparable. Interestingly, the reference strains of OTUs B and C reassociated with 16 to 22% higher values (54 to 79%) with OTU A than the reciprocal DDH (38 to 61%) ( Table 2) . It is not clear why such phenomena occur, but it is most likely due to the different genome sizes. Larger genomes, e.g., R. baltica SH1 T with 7.15 Mbp, may show lower hybridization values with small genomes, whereas the reciprocal may show higher DDH values.
MLSA is currently under consideration as a method to potentially substitute for whole-genome hybridizations (35) . In silico comparisons of whole genomes provided a species threshold for MLSA: related strains within one species had an average nucleotide identity in conserved genes above 94% (12) . A recently published MLSA study of Ensifer and related taxa (20) found similar threshold values. According to metagenomic analyses, there seems to be an underrepresentation of genes with 90% to 94% identity in the environment (11). Fol- Based on the initial MLSA sequence similarities, we selected the most diverse strains for the complete MLSA study. Eleven strains originating from the Baltic Sea and characterized as strains of R. baltica (32) were analyzed by MLSA. Ten strains had more than 99% 16S rRNA sequence identity with the type strain, with the exception of strain SH155 (97.6%). The MLSA was expected to assign all R. baltica strains to OTU A. Six strains associated with all partial gene sequences in the OTU A: strains SH26, SH28, SH123, SH126, SH190, and SH198. Five strains had some partial gene sequences with an identity above 94% and some with an identity below 93%. This indicated that a value of 94% similarity as a criterion for a single partial gene may not be appropriate and confirmed the necessity to analyze multiple loci. Also, strains of OTUs D, E, and F had some partial gene sequences with an identity above 94% to that of the type strain ( Table 3) .
The 16S rRNA gene sequences, together with the MLSA and the DDH experiments, allowed us to define 13 OTUs, OTU A to OTU M, that represent genotypes (Table 3 and Fig.  1 ). Of our isolates, only some strains from the west coast of Sweden and from Sylt on the German North Sea coast could be assigned to OTU A and the type strain. Thirty-one strains from our collection belonged to OTU B, which is very closely related to OTU A. Nine strains from OTU A and 18 strains from OTU B, representing all sampling sites from which strains of these OTUs were obtained, together with OTU I, were characterized by MLSA, including alignment and phylogenetic-tree construction (Table 3; see Table S1 in the supplemental material). The concatenated sequences had a length of 5,026 bp. Calculation of different trees with neighbor joining, maximum parsimony, and maximum likelihood showed a clear division between OTUs A, B, and I, comprising strains from the Baltic Sea, a region from the Netherlands to Greece, and the North Atlantic, respectively (Fig. 2) . The phylogeny of the concatenation of three to seven genes yielded the same branching into three clusters (data not shown).
To confirm independently the separation of OTUs A and B, we performed a BOX-PCR analysis. The pattern of the BOX amplicons served to calculate a UPGMA tree that showed a dissimilarity of 50% between the two clusters (Fig. 3) . Within OTU B, the strains from the British Channel and the North Sea (CS7, CS8, CS11, and K1070) were separated from two groups with isolates from the Mediterranean Sea. One consisted solely of strains from Porto Cesareo, Italy, and the second included strains from Porto Cesareo and Elba, both in Italy, and Piraeus, Greece.
MLSA is a taxonomically valuable tool for closely related strains, but not all species in a genus may amplify using primers derived from a single genome. We could amplify glpF and mdh from many strains with a functional sequence of the desired gene, but some other genes could be amplified from only a few strains or the amplicon had a sequence of an undesired gene ( Table 3 ). The diversity of the strains was visualized by the reconstruction of a phylogenetic tree, using a concatenate of the sequences of the genes glpF and mdh (Fig. 1) . The type strain of R. baltica affiliated with strains from the Bay of Kiel, the Swedish Skagerak, and the German North Sea (OTU A) and one Swedish strain, SWK 7. This isolate was placed, based on the 16S rRNA gene sequence dissimilarity, in a separate unit (OTU F). Isolates from Helgoland in the North Sea, Yerseke at the Scheldt estuary on the English Channel, and Mediterranean sites in Italy and Greece formed OTU B. The other units were represented by few isolates. The overall structure of the tree resembled the tree of the 16S rRNA gene (40) . In summary, the MLSA study provided clear evidence for a taxonomic fine resolution of two 16S rRNA-defined taxonomic units into one cluster consisting of OTUs A, B, and I and a second containing OTUs D, E, and H. A unique feature of Planctomycetes is the intracellular compartmentation of the prokaryotic cells. To visualize this in our newly isolated strains and to investigate morphological differences, we employed transmission electron microscopy of cells from liquid cultures in the logarithmic growth phase. After EM preparation using three different techniques, we elucidated the structural characteristics of the type strain, SH1
T , and the isolates 6C and SM1. Cells of all three strains occurred singly, in pairs, or in aggregates. They were round to ovoid, and their average diameter was in the range of 1 to 2 m. The type strain revealed clearly visible intracellular compartmentation in freeze-etched samples: the riboplasm was surrounded by the paryphoplasm, which contained small structures, likely vesicles or storage compartments (Fig. 4c) . The image shows a small cell, likely a freshly budded cell, in contact with the large cell close to the riboplasm. Strain 6C, a member of OTU B, had a similar appearance: a large paryphoplasm with internal structures surrounded the riboplasm, and a new cell was in the budding process (Fig. 4d) . Low-angle shadowing with platinum ( Fig. 4a) revealed the polar structure of the cell: one pole had a smooth surface, whereas the other pole hosted thin filamentous structures. These structures were found frequently in cells prepared in this way: in addition, a physical link between the cells was evident. Further details were visible in the ultrathinsection images (Fig. 4e) . The pole at the riboplasm had short, pilus-like structures and an extracellular matrix. The smooth pole had several cellular appendages in the image. This may have been due to the fixative glutaraldehyde: Lindsay et al. (14) reported a cell morphology change in the freshwater planctomycete Gemmata oscuriglobus upon incubation with glutaraldehyde. However, these appendages were also visible on the surface of the cell in the platinum shadowing (Fig. 4a) . Appendages also covered one pole of cells of strain SM1 (Fig.  4b) . The middle part of the cell had apparently collapsed due to air drying. Ultrathin sections of cells of this strain revealed an unusual intranucleosomal fibrillar structure (Fig. 4f) . Such a structure was also observed in cells of Blastopirellula marina (13) . The intracellular membrane was visible as a thin line, dividing a light-gray and a dark-gray area with a black spot, the nucleoid. The outer membrane was often seen to be asymmetric: the outer leaflet was sharp, while the inner leaflet appeared "fuzzy." The micrographs supported the identification of strains 6C and SM1 as members of the Planctomycetes. The similarity of the images of strain 6C and the type strain may indicate close kinship, whereas the round morphology of strain SM1 suggests a distant relatedness.
DISCUSSION
The sequencing and phylogenetic reconstruction of several housekeeping genes known as MLSA has become a rapid and reliable technique to identify microbial species and strains, especially in clinical microbiology. Here, we developed and applied an MLSA to characterize strains of Rhodopirellula from European seas. For strains with 16S rRNA gene similarity of less than 99.0% to R. baltica SH1 T , the experiments indicated a low applicability of the designed MLSA primers. Only the amplicons for the glycerol facilitator uptake protein (glpF) and malate dehydrogenase (mdh) were useful for distantly related strains in the genus. Other studies have successfully applied MLSA to Ensifer, Pseudomonas, and Vibrio species (3, 21, 36) , not only for differentiation on the intraspecies level, but also between several distantly related species. The development of such a genus-wide MLSA scheme for Rhodopirellula can make use of the glpF and mdh primer pairs, but additional genomic information from several strains is needed to develop a Rhodopirellula genus-wide MLSA. Previous studies, e.g., of Vibrio (36), had established a clear correlation between the results of DDH studies and those of MLSA studies, and it has been suggested to replace the former technique with the latter. We still tested our MLSA results with DDH experiments and additionally applied a BOX-PCR for high taxonomic resolution. Electron microscopy provided morphological evidence for the identification as Planctomycetes and revealed differences between the OTUs. Together with the 16S rRNA phylogeny (40), we obtained a congruent picture of the genetic diversity in the strain collection.
MLSA and MLST studies identify genetic identities and provide insight into the biogeography and epidemiology of microorganisms. In the genetically designated PVC superphylum of Planctomycetes, Verrucomicrobia, and Chlamydiae (38) , MLST approaches were applied to reveal the history of pathogenic Chlamydiae strains (10, 26, 42) . Vibrio, Pseudomonas, and Salinibacter are marine microorganisms that were recently studied with MLSA. Thompson and colleagues (36) reported a clear separation of Vibrio species by MLSA and confirmed these results by DNA-DNA hybridization and 16S rRNA phylogeny. The MLST study of Khan and colleagues (8) identified distinct clusters of oceanic strains inside the species Pseudomonas aeruginosa, reflecting the geographic locations of the isolation sites. An MLSA study of the extremophilic bacterium Salinibacter ruber (31) did not detect a biogeography among the isolates from the Mediterrean Sea, the Atlantic Ocean, and the Peruvian upwelling region. The application of high-resolution mass spectrometry (Fourier transform ion cyclotron resonance mass spectrometry) revealed a fine-scale diversity in association with geographical patterns. This result revealed a resolution border of MLSA based on the housekeeping genes selected for the MLSA approach. A biogeography may also be found in the secondary metabolism or on regulatory levels, in accordance with environmental conditions. Conversely, a study of Sulfolobus isolates from hot acidic and neutral lakes in Kamchatka, East Africa, and North America found a biogeography among the isolates with an MLSA approach (39 Besides the restriction of the habitat to a region, a niche differentiation may explain the observations. In the future, the cultivation-based studies have to be complemented by physiological studies of the strains and by cultivation-independent experiments with habitat samples to reveal the influence of the environment on the habitat size. We detected 13 OTUs in 70 strains from 19 sample sites. The cultivated genetic diversity, together with the presence of genes closely related to R. baltica in different habitats all over the world (23, 24, 25, 27, 41) , is in agreement with a recent ecological hypothesis of Kirchman and colleagues (9) : bacterial groups in aquatic systems that appear to be more widespread are more diverse. Theoretically, biogeographical distributions A large number of taxon-area relationships are often achieved by cultivation-independent methods. However, genetic-fingerprinting methods, e.g., denaturing gradient gel electrophoresis (DGGE), automated ribosomal intergenic spacer analysis (ARISA), and terminal restriction fragment length polymorphism (T-RFLP), as well as 16S rRNA gene clone libraries, have low taxonomic resolution above the species level. Sequences of housekeeping genes can provide the desired genetic resolution on the species level. The MLSA characterization of Rhodopirellula isolates has revealed a broad genetic diversity in European seas and has provided the first evidence for a limited habitat size of attached-living bacteria. In the future, cultivation-independent studies within the genus applying the glpF and mdh primers will allow more precise determinations of the habitat size.
